We study a varying electric charge brane world cosmology in the RS2 model obtained from a varying-speed-of-light brane world cosmology by redefining the system of units. We elaborate conditions under which the flatness problem and the cosmological constant problem can be resolved by such cosmological model.
the VSL cosmology in the RS2 model is given by
where σ is the tension of the 3-brane (assumed to be located at the origin y = 0 of the extra spatial coordinate y), a scalar field ψ(x M ) ≡ c 4 (x M ) is defined out of varying speed of light c(x M ), the Lagrangian L ψ for ψ controls the dynamics of ψ, and L mat is the Lagrangian density of matter fields confined on the brane. It is required that L ψ should be explicitly independent of the other fields, including the metric, so that the principle of minimal coupling continues to hold for the equations of motion.
Since ψ is assumed to be minimally coupled, the Einstein's equations take the conventional forms with the constant c replaced by a field c(x M ):
with the energy-momentum tensor given by
Here, the energy-momentum tensor T
for the brane matter fields in the comoving frame has the usual perfect fluid form:
where ̺ and ℘ are the mass density and the pressure of the brane matter fields. The general bulk metric Ansatz for the expanding brane universe where the principles of homogeneity and isotropy in the three-dimensional subspace are satisfied iŝ
where γ ij is the metric for the maximally symmetric three-dimensional space given by
with k = −1, 0, 1 respectively for the three-dimensional spaces with the negative, zero and positive spatial curvatures. Then, the Einstein's equations (2) take the forms:
where the overdot and the prime respectively denote derivatives w.r.t. t and y. Although the metric components are continuous everywhere, their derivatives w.r.t. y are discontinuous at y = 0 due to the δ-function like brane source there. The following boundary conditions on the first derivatives at y = 0 are determined by Eqs. (7, 8) :
[
where the subscript 0 denotes quantities evaluated at y = 0, e.g., a 0 (t) ≡ a(t, 0), and
denotes the jump of F (y) across y = 0. The effective four-dimensional Friedmann equations on the 3-brane can be obtained [36] by taking the jumps and the mean values of the five-dimensional Einstein's equations (7-10) across y = 0 and then applying the boundary conditions (11, 12) . We assume that the radius of the extra space is stable, i.e.,ḃ = 0, and the y-coordinate is defined so that b = 1. The resulting effective Friedmann equations have the forms:
where C is an integration constant. The C-term (called "dark radiation" term) originates from the Weyl tensor of the bulk and thus describes the backreaction of the bulk gravitational degress of freedom on the brane [36, 37, 38, 39, 40] . In the limit of σ ≫ ̺c 2 , ℘ [41, 42] and with an assumption of the fine-tuned brane
Λ, the effective Fredmann equations (13, 14) take the following forms of the conventional cosmology:
where the effective four-dimensional Newton's constant given by
From these effective Friedmann equations, we obtain the following generalized energy conservation equation:
So, while G 4 or c varies with time, the matter is created on or taken out of the brane universe.
We now map the VSL brane world cosmology discussed in the above to the dual varying-e brane world cosmology by changing the system of units. As was pointed out in Ref. [5] , it makes sense only to talk about constancy or variability of dimensionless ratios of dimensionful quantities, since the measured values of dimensionful quantities are actually the ratios to some standard units, which may vary with time. Depending on a choice of units, we can regard time-variation of a dimensionless ratio as being due to any subset of dimensionful quantities forming the dimensionless ratio. For example, we can regard the time-variation of α = e 2 /(4πhc) as being due to the time variation of either c (andh) or e, depending on the choice of units. Furthermore, it is always possible to redefine system of units such that a given model is mapped to the dual model where a different subset of dimensionful quantities varies with time. We redefine the system of units such that the speed of light remains constant and the electric charge varies with time. Quantities in the system of units where the speed of light c varies with time and the electric charge e remains constant are denoted without hat. Those in the units where the electric charge varies with time and the speed of light remains constant are denoted with hat. We relate these two systems of units in the following way (Cf. Ref. [10] ):
To find the relations between dimensionful quantities in the two systems of units, we consider the following dimensionless ratios of the dimensionful quantities:
which take the same values regardless of the system of units chosen. Here, the timevarying speed of light c and the constant speed of lightĉ = c 0 are assumed to be related by a function ε(t) of time as c =ĉε. In the system of units without hat,h ∝ c ∝ 1/ √ α, soh =ĥε. The following relations among the remaining dimensionful quantities in the two systems of units can be obtained from Eqs. (19, 20) :
from which we see that ε can be interpreted as the vacuum dielectric field. Since c =ĉε,
By using this transformation, we can find relations among measurements of any dimensionful quantities in the two systems of units. In particular, the mass densities, the pressures and the brane tensions in the two systems of units are related aŝ
From Eqs. (21,23) , we see that the five-dimensional Newton's constants in the two systems of units are relationed asĜ 5 = G 5 ε.
In the new system of units, in which the speed of light remains constant, the bulk metric (5) takes the form:
wheren = n,â = εa,b = b, and
After redefining the units, a spatial coordinate transformation is performed so that k = k = 0, ±1. By applying the above transformations between the two systems of units to Eqs. (13,14) , we obtain the following effective Friedmann equations in the new system of units: 
whereĜ 4 = 8πĜ 
which can be obtained also by taking thet-derivatives of Eqs. (28, 29) . We now discuss the resolution of cosmological problems by our dual varying-e brane world cosmological model. First, we consider the resolution of the flatness problem. From Eq. (28) we see that the critical mass density̺ c , defined as the mass density of a flat universe (k = 0) for a given Hubble parameterȧ 0 /â 0 , is given bŷ
We measure the deviation of the mass density̺ of the universe from the critical densitŷ ̺ c by ǫ ≡̺/̺ c − 1. So, the ǫ < 0, ǫ = 0 and ǫ > 0 cases respectively correspond to the open, flat and closed universes. Thet-derivative of ǫ is given bẏ
We assume that the brane matter fields satisfy the equation of state of the form℘ = w̺c 
Substituting these into Eq. (32), we obtain the following equation describing the time evolution of ǫ:
As in the VSL cosmologies, We assume that ε varies rapidly enough such that |ε/ε| ≫ a 0 /â 0 during the early period of cosmic evolution. Then, Eq. (34) is approximated tȯ
Due to the upper limit onĈ imposed by the nucleosynthesis constraint [37] and the requirement that the dark radiation term should not give a large contribution to the current expansion of the universe, we can neglect theĈ-term in Eq. (35) compared to (ε/ε) 2 . So, the terms in the square bracket of Eq. (35) can be approximated to 2 − (1 + ǫ)(1 + 3w). The condition for the flat universe (ǫ = 0) to be a stable attractor is therefore w ≤ 1/3. This condition can be satisfied by the radiation brane matter (w = 1/3) and the dust (w = 0), so our varying-e brane world cosmological model solves the flatness problem, if ε varies rapidly enough.
Next, we consider the resolution of the cosmological constant problem. Unlike the case of the standard cosmology, the mass density of the brane matter, satisfyinĝ ̺ = −℘/c 2 0 , is not directly related to the cosmological constant, but rather to the brane tension. Assuming the brane tensionσ to have initially taken the fine-tunned value giving rise to the zero effective cosmological constant on the brane, we can regard the mass density̺ δσ satisfying̺ δσ = −℘ δσ /c from the correction to the fine-tuned brane tension, i.e.,̺ =̺ m +̺ δσ . Then, the conservation equation (30) is modified tȯ
To study the time evolution of the cosmological constant term in the Friedmann equations, we define ǫ δσ ≡̺ δσ /̺ m , whoset-derivative is given bẏ
Making use of the effective Friedmann equations and the conservation equation and assuming the equation of state of the form℘ = w̺c 2 0 , we obtaiṅ 
In order for ǫ δσ to be driven to zero (so that the correction δσ to the fine-tuned brane tension does not grow with time) as the brane universe expands, the term in the square bracket has to be negative. With˙Ĝ 4 = 0, this can be achieved, if the following is satisfied: 3Ĉc 
WhenĠ 4 = 0, the condition for ǫ δσ = 0 being a stable attractor becomes less stringent.
